The Wnt/b-catenin (Wnt/b-cat) signal transduction pathway is a key evolutionarily conserved pathway (rev. in Logan and Nusse, 2004; Polakis, 2000; Sancho et al., 2004; Wodarz and Nusse, 1998) . Its involvement in development ranges from global patterning of organs to cell fate induction of single cells, and from the control of cell proliferation to apoptosis (Giraldez and Cohen, 2003; Johnston and Sanders, 2003; Lin et al., 2004) . In addition, Wnt signaling is linked to the maintenance and function of pluripotent stem cells in several contexts (rev. in Kleber and Sommer, 2004; Nelson and Nusse, 2004) . Levels of Wnt/bcat signaling are tightly controlled during these processes. Reduction or loss of Wnt signaling leads to general developmental defects or loss of organs, and conversely abnormal activation of the Wnt/b-cat pathway often causes cancers (rev. in Logan and Nusse, 2004; Polakis, 2000; Sancho et al., 2004) .
Introduction
The Wnt/b-catenin (Wnt/b-cat) signal transduction pathway is a key evolutionarily conserved pathway (rev. in Logan and Nusse, 2004; Polakis, 2000; Sancho et al., 2004; Wodarz and Nusse, 1998) . Its involvement in development ranges from global patterning of organs to cell fate induction of single cells, and from the control of cell proliferation to apoptosis (Giraldez and Cohen, 2003; Johnston and Sanders, 2003; Lin et al., 2004) . In addition, Wnt signaling is linked to the maintenance and function of pluripotent stem cells in several contexts (rev. in Kleber and Sommer, 2004; Nelson and Nusse, 2004) . Levels of Wnt/bcat signaling are tightly controlled during these processes. Reduction or loss of Wnt signaling leads to general developmental defects or loss of organs, and conversely abnormal activation of the Wnt/b-cat pathway often causes cancers (rev. in Logan and Nusse, 2004; Polakis, 2000; Sancho et al., 2004) .
The Wnt/b-cat pathway is conserved among all metazoa. Wnt ligands bind to Frizzled (Fz) family seven-pass transmembrane receptors and trigger the accumulation and nuclear localization of b-cat, which serves as a transcriptional coactivator for the TCF family of transcription factors (rev. in Moon et al., 2002; Nelson and Nusse, 2004) . Fz receptors also activate a distinct conserved pathway that regulates cellular polarization, namely epithelial planar cell polarity (PCP; rev. in Adler, 2002; Keller, 2002; Mlodzik, 2002; Seifert and Mlodzik, 2007; Tada et al., 2002) . In Drosophila, PCP signaling is manifest in the precise orientation of cellular hairs in wing cells, ommatidia in the eye, or the sensory bristles on the thorax and abdomen. In vertebrates, PCP is evident in hair bundle orientation of inner ear sensory cells, the hair orientation on the skin, or convergent extension processes during gastrulation and neurulation (rev. in Adler, 2002; Keller, 2002; Mlodzik, 2002; Strutt, 2003; Tada et al., 2002) .
Disheveled ( conserved domains: a DIX domain, a central PDZ domain, and a C-terminal DEP domain. All three domains have been implicated in protein-protein interactions. Having no known catalytic activity, Dsh might serve as an adapter or scaffold molecule (Boutros and Mlodzik, 1999; Wallingford and Habas, 2005) . How Fz-Dsh complexes specifically activate one pathway over the other remains an unresolved question. Several studies suggest that the cytoplasmic tails of Fz receptors and other domains are involved in selection of the two pathways (e.g., Boutros et al., 2000; Strapps and Tomlinson, 2001; Wu et al., 2004) . Subcellular localization of Fz receptors also appears to play an important role for signaling specificity as apically localized Fz promotes PCP signaling and basolateral localized Fz isoforms promote Wnt/b-cat signaling (Wu et al., 2004) . The DIX and DEP domains of Dsh appear also selectively involved in the activation of the two signaling pathways (Axelrod et al., 1998; Boutros et al., 1998 Boutros et al., , 2000 .
Previous work has suggested that within Fz most signaling requirements are the same for canonical Wnt/b-cat and Fz/ PCP signaling, as several fz mutant alleles were shown to affect both pathways in a largely identical manner (Povelones et al., 2005) . Nevertheless, it is not clear whether the Fz-Dsh interactions are compromised in these mutants. To gain insight into the specifics of the Fz-Dsh interaction in Wnt/bcat or PCP pathway selection, we generated several Fz mutant isoforms that are defective in interacting with Dsh. Two sets of mutations are located in a conserved motif (KTXXXW) in the cytoplasmic tail of Fz receptors (Umbhauer et al., 2000) . This Dsh interacting site appears important for Wnt/b-cat signaling, as suggested by overexpression studies with Xfz3 in Xenopus (Umbhauer et al., 2000) . However, other overexpression data suggest it is dispensable for Wnt/b-cat signaling (Schweizer and Varmus, 2003) . Furthermore, it has not been tested whether this Fz region is required for PCP signaling. We thus addressed the respective Fz mutants defective in Dsh interaction and membrane recruitment in vivo in Drosophila. Our in vivo loss-of-function and rescue studies indicate that these Fz C-tail sequences are essential for both Wnt/bcat and PCP signaling. Similarly other mutations in Fz that affect PCP signaling and cause defects in Dsh membrane recruitment affect both pathways. Thus, these data suggest that the Fz-sequences involved in the interaction with Dsh do not show any pathway specific differences.
Diego (dgo) is a core PCP factor that binds to Dsh . A role for Dgo in Wnt/b-cat signaling has not been reported. We tested whether dgo might have an effect on the signaling outcome associated with Fz-Dsh signaling. Loss-offunction and overexpression studies suggest that Dgo promotes the formation of a PCP-specific Dsh complex, which can negatively affect Wnt/b-cat signaling by sequestering Dsh away from Wnt/b-cat signaling components.
Results

The Fz cytoplasmic tail is required for Dsh recruitment in vivo
The Fz C-tail KTXXXW motif is conserved among almost all Fz-family members across species and proposed to be important for the Fz-Dsh interaction. This is based on overexpression studies in Xenopus animal caps (Umbhauer et al., 2000) and in vitro binding experiments (Wong et al., 2003) . To determine the importance and physiological significance of the proposed C-tail Fz-Dsh interacting site in vivo, we generated several mutant variants ( Fig. 1A and C; orange underline in Fig. 1C ). The residues critical for the interaction (KTand W, highlighted with solid orange in Fig. 1C ; Wong et al., 2003) are the most conserved among all Fz family members (Umbhauer et al., 2000) . We also generated a truncated Fz C-tail by introducing a stop codon after V565 (Fz565Stop), deleting sequences C-terminal to the proposed Dsh binding site (all Fz transgenes were tagged with the myc-epitope to allow detection in vivo).
To test the effects of the respective Fz mutants we first examined them in an in vivo Dsh recruitment assay (Wu et al., 2004) . Fz, or its mutant derivatives, were expressed in third instar imaginal discs (under dppGal4-UAS control; see Section 4). Fz is highly enriched in the subapical region of cells ( Fig. 1D ; Wu et al., 2004) , and recruits Dsh (as detected by DshGFP expressed from its endogenous promoter; Axelrod, 2001) into the apical junctional region ( Fig. 1D ; Wu et al., 2004 ; note that Fz is also detected in intracellular vesicular structures, where it does not interact with Dsh). All mutant isoforms tested, including the truncated Fz565Stop, localize to the subapical region like wild-type Fz. DshGFP was efficiently recruited to the apical junctional region by wild-type Fz and Fz565Stop (compare Fig. 1D and E; note apical enrichment of DshGFP -green channel and yellow in overlay). This suggests that residues C-terminal to the proposed Dsh binding site are neither important for Fz apical localization nor Dsh recruitment. In contrast, two Fz mutant derivatives in which the proposed Dsh binding site is affected, either due to deletion of the conserved SWRNF motif (FzDSWRNF) or the conserved KT residues (FzDSKT), were unable to recruit Dsh ( Fig. 1F and not shown; note that subapical localization of the receptor isoforms is not affected). Taken together, our data indicate that (1) the proposed binding site in the Fz C-tail (KTxxxW) is functionally important for Dsh recruitment in a physiological setting, and (2) that subapical localization of Fz is independent of its capability to interact with Dsh.
The third intracellular loop region of Fz is important for Dsh recruitment
To determine the role of the seven-pass transmembraneloop (7TM) Fz region in Dsh interaction, we introduced a mutation that mimics a fz loss-of-function allele, fz
R54
. The fz R54 allele shows a strong PCP phenotype and carries a Methionine to Arginine substitution at residue 469 (M469R, illustrated in Fig. 1A and B; and Tryptophan to Arginine mutation at residue 500 located in the third extracellular loop; Adler et al., 1987 Adler et al., , 1997 Jones et al., 1996) . Met469 is conserved among most Fz proteins across all species within a highly conserved region (Fig. 1B) . FzM469R (expressed with dppgal4) localized subapically, but failed to recruit Dsh (Fig. 1G ), suggesting that an interaction between the third cytoplasmic loop of Fz and Dsh is significantly affected in FzM469R. Cong and colleagues (Cong et al., 2004a,b) introduced a Leucine to Alanine mutation in hFz5 in the same conserved region (highlighted green in Fig. 1B ), which also abolished hFz5 mediated Dsh recruitment in 293 cells. Taken together, these results indicate that the third cytoplasmic loop of Fz receptors is critical for the Fz-Dsh interaction.
In addition to the in vivo experiments described above, we have confirmed the effects of the same mutant isoforms in cell culture co-transfections ( Supplementary Fig. S1 ). In the (Cong et al., 2004b) . (C) Sequence alignment of Drosophila Fz and Fz2 C-tails around the Dsh binding site (Wong et al., 2003) . The conserved KT and W amino acids are highlighted in orange and the whole motif is underlined in orange. The three mutations used in this study are marked as DSKT and DSWRNF (green), and 565Stop (red). (D-G) Optical cross (z-)sections of third instar wing imaginal discs. Top panels show double labeling of Fz isoforms (myc tagged; red) and DshGFP (green), expressed ubiquitously under the control of endogenous genomic dsh sequences, CasDshGFP (Axelrod, 2001) . Fz is expressed in a stripe driven by dpp-Gal4 and localized to subapical junctional membrane regions (lower panel; note that vesicular structures also show Fz staining, reflecting Fz in the secretory pathway). cell culture assays, we have further determined that the DEP domain of Dsh is required for the interactions with both the Fz C-tail and the third cytoplasmic loop ( Supplementary  Fig. S1 ).
2.3.
The Dsh interacting sites of Fz are required for canonical Wnt/b-cat signaling Both Fz overexpression and lack of Fz activity (e.g., fz À mutants) cause PCP phenotypes (Gubb and Garcia-Bellido, 1982; Krasnow and Adler, 1994; Vinson and Adler, 1987; Zheng et al., 1995) , suggesting that the levels of Fz need to be maintained in vivo within a narrow range in order to have wild-type activity. In order to address the function of the Fz receptor variants in such a tightly controlled physiological setting, we attempted to rescue the fz À mutants with the respective fz transgenes (under the direct control of the ubiquitous tubulin [tub] promoter). Three independent tub-fz lines fully rescued the PCP defects of fz mutants (Wu et al., 2004) , suggesting that Fz is expressed at appropriate levels for rescue in the tub-promoter transgenes. Importantly, none of the three lines by themselves caused gain-of-function PCP defects in wild-type background (not shown), suggesting that the Fz levels are close to physiological condition. We thus used tub-promoter driven Fz isoforms and assayed their function in either canonical Wnt-Fz/b-cat or Fz-PCP signaling.
First we tested the function of the different fz mutants in canonical Wnt/b-cat signaling by rescue assays of the fz H51 fz2
C1 double mutant phenotype (fz and Dfz2 act redundantly in the Wnt-Fz/b-cat pathway). Dll expression is a downstream target of Wnt-Fz/b-cat signaling in wing discs (Neumann and Cohen, 1997; Zecca et al., 1996) . Wingless (Wg) is expressed along the dorsal/ventral boundary and diffuses to form a gradient. The Wg-signaling target Dll is expressed throughout the wing pouch anlage in a graded manner with peak levels at the D/V boundary (where Wg is expressed) decreasing away from the boundary and correlating with the Wg gradient (Neumann and Cohen, 1997; Zecca et al., 1996) . Dll expression is significantly reduced in fz H51 fz2 C1 double mutant clones ( Fig. 2A ; see also Chen and Struhl, 1999 Fig. 3A-C) . This effect is due to ectopic Wg expression near the endogenous Wg stripe in Wnt-Fz/b-cat signaling mutant clones, as the highest levels of Wg-signaling repress wg expression in directly adjacent cells (Rulifson et al., 1996) . Thus, although Sens expression is rescued by Fz565Stop, ectopic Sens as a result of ectopic Wg indicated that Wg/b-cat signaling is somewhat reduced in the Fz565Stop background. This is consistent with the slight reduction of Dll expression in the respective scenario (Fig. 2D) . In summary, all Fz mutants affecting Dsh recruitment strongly reduced Fz activity for canonical WntFz/b-cat signaling in these in vivo assays, indicating that the Wnt-Fz/b-cat signaling activity requires Fz to interact with Dsh.
Fz sequences required for Dsh interaction are also required for Fz-PCP signaling
To examine the role of the Dsh interacting sites in Fz/PCP signaling in vivo, we used the tub-fz constructs to rescue the PCP phenotypes of fz P21 /fz R52 mutants in the wing and eye ( Fig. 4 ; not shown). et al., 2004) . None of the mutants that affect Dsh membrane recruitment (tub-FzDSWRNF, tub-FzDSKT or tub-fzM469R) rescued the PCP mutant wing phenotypes ( Fig. 4D and F ; not shown), indicating that the interaction sites are essential for Fz/PCP signaling. The Fz565Stop isoform, however, rescued the PCP mutant phenotypes, suggesting that the amino acids C-terminal to the Dsh interacting site are not essential for PCP signaling (Fig. 4E ). Taken together, both Fz/PCP and Wnt-Fz/bcat signaling depend on the same Dsh interacting sequences within Fz.
Membrane recruitment of Diego only partially depends on Dsh
Besides Fz and Dsh, there are several specific core factors of Fz/PCP signaling, some of which act to inhibit Dsh whereas others promote Dsh activity (rev. in Klein and Mlodzik, 2005; Seifert and Mlodzik, 2007) . Diego (Dgo) acts positively on Dsh in Fz/PCP signaling and co-localizes with Fz/Dsh after the asymmetric localization of PCP factors is established (Das et al., 2004) . In developing wings, for example, Fz, Dsh, and Dgo become localized to the distal edge of each cell and Dgo binds physically to Dsh (Axelrod, 2001; Das et al., 2004; Jenny et al., 2005; Strutt, 2001) . Fz is also required for the apical membrane localization of Dgo (Das et al., 2004) .
We thus examined whether the membrane localization of Dgo also depends on Dsh. Dgo membrane localization is known to depend on Fz as indicated by its loss from the membrane in fz P21 mutant clones ( Fig. 5A ; Das et al., 2004) . Apical localization of Dgo is, although reduced in dsh null clones, still detectable (Fig. 5B ). These data suggest that Dgo membrane recruitment is only partially dependent on Dsh, and possibly the Dsh-Dgo physical interaction . The stronger Dgo localization phenotypes in fz mutant clones as compared to dsh À clones suggest that Fz interacts with Dgo independent of Dsh. We tested this hypothesis by a set of genetic experiments. As reported previously (Wu et al., 2004) , overexpression of subapically localized Fz (with enGal4/UAS-fz) causes a reduction in Wnt-Fz/b-cat signaling, evidenced by many wings lacking a portion of their margin bristles in the posterior compartment (Table 1 . and Fig. 6A ; also Wu et al., 2004) . This negative effect on Wnt-Fz/b-cat signaling by overexpressing Fz is mediated by trapping increased levels of Dsh in the subapical Fz/PCP specific complex (Wu et al., 2004) . Co-expression of Dgo and Fz (with en-Gal4) enhances the effect of expressing enGal4/UAS-fz ( Fig. 6B; 70 .8% of wings have a large area lacking margin bristles as compared to 27.1% with expression of Fz alone, quantified in Table 1 ) and also show a reduced posterior compartment, likely an effect of reduction of Wnt-Fz/bcat signaling (compare Fig. 6A and B; enGal4, UAS-dgo by itself does not cause wing margin or size defects, Fig. 6D and Table  1 ). In contrast, the effects of enGal4/UAS-fz are suppressed in a heterozygous dgo mutant background (Fig. 6C , , nmo P double mutant animals, the majority of wings display extra margin bristles ( Fig. 6E and F ; quantified in adult wings in Fig. 6G ). Although some dgo
308
, nmo P flies survive to adulthood, many die at larval or pupal stages. We thus tested whether the ectopic margin bristle phenotype is possibly stronger in the average dgo 308 , nmo P wing disc in animals than are missing from the adult escaper pool. We thus examined Sens expression (as a molecular marker for future ectopic bristles) in third instar wing discs. In several discs analyzed, we observed multiple cells expressing ectopic Sens in a dgo
, nmo P background (Fig. 6F ). This phenotype is stronger than that apparent in the respective adult wings ( Fig. 6E and G) . These results suggest that Wnt-Fz/b-cat signaling levels are elevated in the double mutant background, although overall the GOF Wnt-Fz/b-cat phenotype of dgo
, nmo P animals is mild. Taken together, these data suggest that dgo can act as a negative modulator of Wnt-Fz/b-cat signaling in vivo, possibly through its interaction with Dsh sequestering it into Fz/PCP complexes (see below).
As a molecular approach we tested whether Dgo can quantitatively influence Wnt-Fz/b-cat signaling in a cell culture reporter assay. We transfected Drosophila S2 cells with constructs expressing Fz, Wg, and the TOP-Flash reporter (Bartscherer et al., 2006) either without or with increasing amounts of Dgo (see Section 4). The activation of the b-cat reporter is reduced in cells transfected with Dgo in a dosage dependent manner (increasing levels of Dgo cause an increased repression of the reporter; Fig. 6H ). Taken together with the in vivo data, these results confirm that Dgo can indeed negatively modulate Wnt-Fz/b-cat signaling activity.
Dgo affects the localization of Dsh
To get insight into how Dgo might regulate Wnt-Fz/b-cat signaling in vivo, we examined the subcellular localization of DshGFP in developing wing imaginal discs. Dgo was overexpressed in the posterior compartment using enGal4, which allowed the anterior compartment to serve as an internal control. In enGal4, UAS-dgo wing discs, DshGFP is enriched in subapical regions and weaker in cytoplasmic and basolateral regions in the posterior compartment, suggesting that Dgo stimulates the recruitment of Dsh into subapical PCPtype complexes ( Fig. 7A-C ; this is reminiscent, but weaker, to DshGFP subapical recruitment by Fz overexpression, Wu et al., 2004) . In accordance with a mandatory requirement of Fz for the formation of the Fz-Dsh-Dgo PCP-type complex, enGal4, UAS-dgo is unable to affect Dsh localization in a fz À mutant background (Fig. 7D-F) . Taken together, these observations suggest that Dgo enhances the PCP-type association of Fz and Dsh in the subapical junctional region. This in turn is likely to negatively affect Dsh's availability for Wg-Fz/b-cat signaling.
In basolateral and cytoplasmic regions, DshGFP is reduced in Dgo overexpressing cells in an otherwise wild-type background ( Fig. 7B and C) , whereas it is not affected in fz P21 mutant discs ( Fig. 7E and F) . This suggests that the reduction of Dsh in basolateral/cytoplasmic regions is mainly caused by Dsh recruitment into subapical complexes in a Fz-dependent manner. To address this further, we also compared Dsh levels in HEK 293T cells transfected with Dsh alone and with Dsh and Dgo together. There was no significant difference in Dsh levels (Fig. 7G ), in the presence or absence of Dgo, suggesting and consistent with the in vivo studies that Dgo does not promote Dsh degradation. In summary, our data suggest that Dgo stimulates Dsh relocalization to the subapical junctional region and away from the basolateral region and thereby promotes PCP-signaling while reducing canonical Wnt-Fz/ b-cat signaling.
Discussion
Wnt-Fz/b-cat and Fz/PCP signaling share the Dsh interacting sites in Fz
It was suggested that the KTXXXW motif in Fz C-tails is important for the activation of Wnt-Fz/b-cat signaling targets (Umbhauer et al., 2000) , but conversely other data implied that this motif was dispensable for Wnt-Fz/b-cat signaling (Schweizer and Varmus, 2003) . We wished to address this issue in a physiological context. Expressing Fz under control of the tubulin (tub)-promoter fully rescues Fz-activity in fz, fz2 double mutant flies with respect to both Wnt-Fz/b-cat and Fz-PCP signaling. Importantly no dominant phenotypes result from tub-fz expression and thus the tubulin promoter presumably drives the Fz transgenes close to endogenous levels. All Fz C-tail isoforms defective in the Dsh interaction mo- The function of the KTXXXW C-tail motif in PCP signaling has previously not been determined. All KTXXXW mutations tested here in vivo failed to rescue the fz À PCP mutant phenotypes (Fig. 4) , indicating that the Dsh interacting sites are required for both signaling pathways. These data suggest that there are no obvious differences in how Fz and Dsh interact with each other in the context of either pathway, and therefore that additional factors are likely involved to modulate the signaling outcome and to provide specificity.
The presence or absence of Dgo affects the activity of Dsh for either pathway
Dgo is a core Fz/PCP signaling factor (Feiguin et al., 2001; Jenny et al., 2005) . During the interactions of the core PCP factors, Fz, Dsh, and Dgo become localized to the distal end of pupal wing cells (or the R3-side of the R3/R4 border in the eye), suggesting that they form a functional complex (Axelrod, 2001; Das et al., 2004; Strutt, 2001) . The localization of Dsh and Dgo depends on Fz (Axelrod, 2001; Das et al., 2004) . Dgo localization also partially depends on Dsh (this work) and Dgo and Dsh interact physically . Taken together, these data are consistent with the notion that Fz, Dsh, and Dgo are forming a functional complex during PCP signaling that promotes Dsh PCP-activity. , nmo P wings as compared to dgo 308 is highly significant (P < 0.0001). The statistical significance between dgo 308 and dgo 308 , nmo P was calculated by the equation:
/expected. The data set used is as follows. Number of wings with ectopic margin margin bristles: dgo 308 = 4, dgo
308
, nmo P = 14; number of wings without ectopic margin margin bristles: dgo 308 = 63, dgo 308 , nmo P = 13. 
Co-expression of Dgo enhances Fz-mediated inhibition of Wnt-Fz/b-cat signaling in the wing (Fig. 6) Meneghini et al., 1999) .
How does Dgo negatively affect Dsh in Wnt-Fz/b-cat signaling?
Our in vivo data suggest that Dgo acts mainly by sequestering Dsh away from the cytoplasmic and/or basolateral cell regions where Wnt-Fz/b-cat signaling is thought to take place. Thus, a Dgo influenced shift in Dsh subcellular localization, caused either by loss or excess of Dgo, makes the pathway sensitive to additional changes. When Dsh itself or other Wnt-Fz/b-cat signaling factors become more limiting, alteration of Dgo levels can have effects on Wnt-Fz/b-cat signaling strength.
Does Dgo affect overall Dsh levels? Studies with the vertebrate Dgo homologue Inversin have suggested that Inversin can affect Dsh levels through ubiquitination and associated degradation in HEK 293T cells (Simons et al., 2005) . It seemed thus possible that Dgo affected the overall Dsh levels: Dgo could stabilize Dsh at the subapical membrane but cause its destabilization in the cytoplasm. However, we did not see any evidence for a destabilization mechanism in vivo or in HEK 293T cells (Fig. 7D-G) . Thus, it seems that Dgo and Inversin do not share this biochemical property.
Diversin is a second Dgo-related vertebrate factor that can act as a repressor of Wnt-Fz/b-cat signaling (Schwarz-Romond et al., 2002; Simons et al., 2005) . The Diversin and Dgo sequences C-terminal to the Ankyrin repeats do not share homologous domains, although clusters of high homology are present. Diversin is thought to inhibit Wnt-Fz/b-cat signaling through its interaction with Axin and CKIe (SchwarzRomond et al., 2002) . Dgo does not interact with Axin (Schwarz-Romond et al., 2002) . Thus, it appears that both Diversin and Inversin can inhibit Wnt-Fz/b-cat signaling by (at least partially) different mechanisms from Dgo, suggesting that these features have diverged evolutionarily.
Taken together, our in vivo and cell culture data suggest that Dgo can negatively affect Wnt-Fz/b-cat signaling by trapping Dsh in a Fz/PCP specific complex that is inactive for canonical Wnt-Fz/b-cat signaling. Comparative analyses with Dgo, Inversin, and Diversin will be interesting to shed light on conserved mechanisms of action for these three related proteins.
4.
Materials and methods
Fz constructs and flies
Fz constructs were Myc tagged after amino acid 166 of Fz as previously described (Boutros et al., 2000) . Fz565Stop, FzDSWRNF, FzDSKT, and FzM469R were generated via PCR based site directed mutagenesis (Quickchange, Stratagene). Detailed information about mutagenesis is available upon request. Fz constructs were generated by cloning the fz ORF DNA into pUAST or the tubulin promoter transformation plasmid pCasper4-tub (gift from S. Cohen).
fz P21 causes a frameshift in the extracellular domain of Fz and is a functional null allele; fz R52 carries a stop codon at W500 causing a truncation before the last extracellular loop and strongly reducing protein levels (Jones et al., 1996) . fz H51 carries a stop codon at W500, but unlike fz R52 the truncated isoform is expressed at largely normal levels (Jones et al., 1996) . The fz2 C1 allele carries a stop codon at residue W320 (Chen and Struhl, 1999) . dgo
308
, a strong allele, and UAS-dgo are described in (Feiguin et al., 2001) . dpp-Gal4 and en-Gal4 are described in (Brand and Perrimon, 1993; Morimura et al., 1996; Yoffe et al., 1995) . CasDshGFP is DshGFP expressed under the control of its endogenous control sequences (Axelrod, 2001 ). Preparation of adult wings was as described (Wu et al., 2004) .
Immunohistochemistry
Rabbit anti-GFP antibodies were used at 1:4000 (Molecular Probes) or 1:1000 (IgG fraction, Molecular Probes) to detect DshGFP, and 1:20,000 to detect GFP in labeled fz H51 , fz2 C1 clones.
Guinea pig anti-Sens was used at 1:1000 (Nolo et al., 2000) . Rat anti-Dll (Wu and Cohen, 2000) and mouse anti-Myc (clone 9E10; Santa Cruz Biotech) were used at 1:250-1:500. Monoclonal antibodies to Dgo were generated at the Mount Sinai Hybridoma SRF, showing specific anti-Dgo staining (absent in dgo 380 null clones, not shown; used at 1:50). Images were scanned on a Zeiss LSM510 META confocal microscope.
Cell culture assays
HEK 293T cells were plated on poly-D-Lysine coated 8-well slides (Becton Dickinson) in DMEM media (10% FBS; GIBCO), and transfected (Fugene; Roche acc. to manufacturer's protocol) with 50 ng of the DshGFP constructs (in pCS2 vector) alone or with 250 ng Fz, FzDSKT, FzM469R (in pCDNA3.1 Myc-His vector; Invitrogen). GFP tagged DshDbPDZ, DshDDEP and DshDEP (in pCS2) were gifts from Jeff Axelrod (Axelrod et al., 1998) .
S2 cell transfection and luciferase assays were modified from (Cong et al., 2004a) . S2 cells were transfected with 0.1 lg pAcwg, 0.1 lg pRpl28-RL (Renilla Luciferase), 0.1 lg Act5.1 LEF-HA, and 0.1 lg LEF-FL (FL = Firefly Luciferase) in 12 well plates (Bartscherer et al., 2006) . In addition, S2 cells were transfected with 0.1 lg pAc5.1-Fz, or 0.1 lg pAc5.1-Fz + 0.1 lg pAC5.1-HADgo, or 0.1 lg pAC5.1-Fz + 0.4 lg pAC5.1-HADgo (pAC5.1 was added to equalize total amount of vector DNA for each transfection). Cellfectin was used as transfection reagent (Invitrogen). Dual Luciferase reporter system was used (Promega): the Wnt-Fz/b-cat activity (Firefly Luciferase activity in Fig. 6F ) was normalized relative to Renilla Luciferase activity (expressed constitutively as transfection control). pAc-wg and pRpl28-RL Act5.1, LEF-HA and LEF-FL were gifts from M. Boutros.
For experiments comparing Dsh levels, 293T cells were transfected with pCS2 Flag 3 -Dsh alone or together with 4· pCS2+MT Myc-Dgo (pCS2 was used to equalize amount of DNA transfected). Equal amounts of pEGFP-C1 were also added in all samples as transfection control. Each experiment was performed in triplicate. Flag-Dsh levels were assayed with anti-Flag (clone M2; Sigma) on Western blots and quantified using fluorescent secondary antibodies on a Licor Odyssey system. The signals were normalized with EGFP levels (anti-GFP, from Molecular Probe). pCS2 Flag 3 -Dsh was a gift from Yanfeng Wang.
